The diagnosis of a left-to-right shunt generally depends upon the demonstration of significant differences in oxygen content among the venae cavae, the chambers of the right heart, and the pulmonary artery. The inconclusive or misleading results sometimes obtained with this method have stimulated interest in improved technics. The wide arteriovenous difference that normally exists during the inhalation of nitrous oxide has been studied in the development of a more accurate diagnostic approach. The superiority of the nitrous oxide test over the oxygen method is demonstrated.
IN THE past, the detection of intracardiac
and extracardiac left-to-right shunts has been based upon differences in the oxygen content of blood obtained from the venae cavae, right atrium, right ventricle, and pulmonary artery. Since relatively large differences in oxygen content may exist in these areas in subjects without shunts,1-3 the oxygen method sometimes provides inconclusive or even misleading diagnostic information. The inhalation of nitrous oxide, all inert foreign gas, and the subsequent measurement of its concentration in arterial and right heart blood provides a new diagnostic approach in which the difficulties inherent in the oxygen method are largely obviated. This communication presents the theory, technic, and diagnostic applications of the nitrous oxide test, and a comparison of the nitrous oxide and oxygen methods in the detection of left-to-right shunts. The clinical study to be presented is an extension of the technic devised and experimentally evaluated by Callaway.4 '5 Kety and Schmidt6 observed that immediately following nitrous oxide inhalation, cerebral tissue absorbed large quantities of the gas and a substantial arteriovenous difference existed until tissue saturation neared completion. Figure 1 demonstrates that a similar arteriovenous difference exists when pulmonary artery blood is used instead of jugular vein blood. During the first minute of inhalation the concentration of nitrous oxide in right heart blood is low, since its appearance is delayed by tissue absorption. In the presence of a left-to-right shunt, blood from the left heart, rich in nitrous oxide, raises the level in right heart blood thereby making the detection of shunts possible.
MATERIAL AND existed between the arterial nitrous oxide levels of patients with and without shunts ( fig. 2E) .
Relation between Arterial and Right Heart Nitrous Oxide Samples. In control patients high arterial nitrous oxide levels, reflecting better nitrous oxide uptake were, in general, associated with slightly higher right heart levels ( fig. 3A and B ). In patients with shunts the right heart nitrous oxide level distal to the shunt is determined to some extent by the venous level but primarily upon the quantity of shunted blood and its nitrous oxide content. Since the nitrous oxide content of shunted blood is identical to that of arterial blood, the ratio between right heart and arterial levels becomes meaningful and is therefore related to the magnitude of the shunt. In the 83 control patients, the ratio between right atrial and arterial samples (RA/A X 100) was less than 30 per cent in all but 1, in whom it was 31 per cent. Oxygen Samples. Figure 4 presents the differences in oxygen content between contiguous sites of sampling. The oxygen content of inferior caval blood exceeded that of superior caval blood in 83 of 109 patients ( fig. 4A) In figure 5B the differences in oxygen content between right atrial and right ventricular blood and between right ventricular and pulmonary artery blood are plotted against the nitrous oxide ratios in the 27 patients who had both tests. Diagnostic criteria selected for these areas were an oxygen increase of 1 DISCUSSIONErrors in the performance of the nitrous oxide test relate to the administration and uptake of the gas as well as to the collection and chemical analysis of the blood samples. An adequate uptake of nitrous oxide is essential but may be prevented by a large leak around the mouthpiece, hypoventilation, or severe pulmonary parenchymal disease. When the test is performed in an anesthetized patient, the anesthesiologist must provide hyperventilation and of course cannot employ nitrous oxide as the anesthetic agent prior to the test.
Small differences in the nitrous oxide content of superior caval, inferior eaval, and coronary sinus blood and and incomplete mixing of these streams in the right atrium introduce an element of variability into the results of the test. However, this source of error is not so great as in the oxygen method, since the differences in the oxygen content of the right atrial tributaries are greater than the variations in their nitrous oxide content.
An important potential source of error is improper positioning of the catheter. Wheni the test is performed in the right atrium, the catheter tip must be placed close to the tricuspid valve to insure that the sample will be drawn from an area distal to the entrance of any shunt at this level. Should the catheter inadvertently be passed through a defect into the left atrium, a nitrous oxide sample equal to the arterial will be obtained. Another test in the pulmonary artery or right ventricle will indicate whether a true atrial septal defect exists or whether the catheter passed through a nonshunting patent foramen ovale.
Contamination of the blood samples by air and excessive suction on the sampling syringe should be avoided, since either can falsely lower the nitrous oxide content of the sample. Blood must be drawn at a constant rate durimig the sampling period, sinee both the arterial and venous nitrous oxide contents are changing throughout this period ( fig. 1) Since the errors inherent in the technics of sampling and analysis are independent of the arterial nitrous oxide level, they assume greater significance when the ratio is calculated with a low arterial sample. For example, an error of 0.20 volume per cent in a right heart sample represents 10 per cent of an arterial level of 2.00 volumes per cent, but only 5 per cent of an arterial level of 4.00 volumes per cent. Fifteen nitrous oxide tests were eliminated from the series because of arterial levels less than 1.50 volumes per cent.
Seven of these unsatisfactory tests were attributed to hypoventilation. The other 8 tests were performed in cyanotic patients with right-to-left shunts. In these patients pulmonary venous blood, with a high nitrous oxide level, was presumably diluted by right heart blood with a low level and thereby lowered the arterial content. Thus, in the presence of a large right-to-left shunt, the arterial nitrous oxide content may not accurately reflect the content of blood that has been shunted from left to right. Therefore, the right heart arterial nitrous oxide ratio ( fig. 3 ) can no longer be relied upon. However, in such circumstances, the absolute level of nitrous oxide in right heart blood ( fig. 2 ) may still be useful in the detection of left-toright shunt.
The vena caval and peripheral venous nitrous oxide samples were originally obtained for comparison with the sample from the right heart, much as caval and right atrial oxygen contents are compared. However, it was apparent that in the absence of a shunt the nitrous oxide content of right atrial blood was relatively constant and less than 30 per cent of the arterial content ( fig.   3 ). When this maximum value had been established, it was no longer necessary to sample the cava or peripheral vein. Furthermore, the inclusion of caval and peripheral venous samples did not improve the diagnostic accuracy of the method.
The superiority of the nitrous oxide test over the oxygen method, as demonstrated in figure 5 , is related to several factors. The oxygen content of right heart blood varies markedly among different individuals and in the same subject at different times. Therefore, blood proximal to any shunt must always be sampled. This may lead to errors in the diagnosis of atrial septal defects because caval blood is poorly mixed and laminar flow is present, particularly from the renal veins.12 The sampling of renal vein blood with its high oxygen content may mask the presence of a shunt into the right atrium. In some patients the catheter cannot be passed into the inferior vena cava. It has been demonstrated ( fig. 4A) 
